Caulobacter crescentus is an obligate aerobe which is exposed to high concentrations of photosynthetic oxygen and low levels of nutrients in its aquatic environment. Physiological studies of oxidative and starvation stresses in C. crescentus were undertaken through a study of lacZ fusion and null mutant strains constructed from the cloned 5 end of katG, encoding a catalase-peroxidase. The katG gene was shown to be solely responsible for catalase and peroxidase activity in C. crescentus. Like the katG of Escherichia coli, C. crescentus katG is induced by hydrogen peroxide and is important in sustaining the exponential growth rate. However, dramatic differences are seen in growth stage induction. E. coli KatE catalase and KatG catalase-peroxidase activities are induced 15-to 20-fold during exponential growth and then approximately halved in the stationary phase. In contrast, C. crescentus KatG activity is constant throughout exponential growth and is induced 50-fold in the stationary phase. Moreover, the survival of a C. crescentus katG null mutant is reduced by more than 3 orders of magnitude after 24 h in stationary phase and more than 6 orders of magnitude after 48 h, a phenotype not seen for E. coli katE and katG null mutants. These results indicate a major role for C. crescentus catalaseperoxidase in stationary-phase survival and raise questions about whether the peroxidatic activity as well as the protective catalatic activity of the dual-function enzyme is important in the response to starvation stress.
Caulobacter crescentus is a gram-negative bacterium whose asymmetry of cell division and dimorphic life cycle are subjects of extensive investigation (27) . By comparison, little is known about the physiology of Caulobacter. We have been interested in the response of C. crescentus to oxidative stress and starvation (26) , salient features of its natural environment. As a freshwater pond bacterium, C. crescentus is frequently associated with cyanobacteria (2, 15) , whose photosynthetic activity could expose the bacterium to high oxygen concentrations. As an organism adapted to nutrient-poor conditions (8, 21, 22) , C. crescentus is likely to frequently enter and exit the stationary phase.
Catalases and catalase-peroxidases have been studied in the context of oxidative and starvation (stationary phase) stress. Both enzymes catalyze H 2 O 2 decomposition. Stationary-phase induction, especially by catalases, is a hallmark of the multiple stress resistance acquired during starvation (13) . Information about these activities in C. crescentus appears to be limited to the demonstration of catalase activity in a plate assay by Poindexter (21, 22) and our recent demonstration that a single catalase-peroxidase is present and is induced during stationary phase (26) . The present work was undertaken to study the expression and function of this catalase-peroxidase in response to oxidative stress and during growth. We report here the cloning of the 5Ј end of the katG catalase-peroxidase gene and its constitutive expression during the exponential phase and entrance into the stationary phase, followed by a 50-fold induction in the stationary phase. Such an expression pattern is strikingly different from that of Escherichia coli katG. Moreover, survival of the katG null mutant is reduced by 3 to 6 orders of magnitude after 1 to 3 days in stationary phase, a phenotype not seen for E. coli catalase or catalase-peroxidase null mutants (20) . This novel pattern of expression and importance in stationary-phase survival suggest that mechanisms of stress response in this obligate aerobe are different from those known for facultative anaerobic enteric organisms.
MATERIALS AND METHODS
Media and growth conditions. For cloning, we used E. coli DH5␣ grown in Luria-Bertani medium at 37°C with antibiotics at the following final concentrations: sodium ampicillin, 100 g/ml; kanamycin sulfate, 50 g/ml; and spectinomycin sulfate, 50 g/ml. C. crescentus was grown at 30°C in PYE medium (14) (0.2% peptone, 0.1% yeast extract, 0.8 mM magnesium sulfate, 0.5 mM calcium chloride) with antibiotics at the following final concentrations: kanamycin sulfate, 5 g/ml; streptomycin sulfate, 20 g/ml; and tetracycline hydrochloride, 2 g/ml. The pertinent characteristics of the strains used are listed in Table 1 .
Southern blotting. Genomic DNA was prepared from wild-type C. crescentus CB15 by published procedures (4, 30) . Restriction digests of genomic DNA (4 g) were electrophoresed overnight on 0.8% agarose, denatured, and blotted by capillary transfer to nitrocellulose (BA85; Schleicher & Schuell) for detecting large fragments or to quaternary amine-charged nylon (Bio-Rad Zeta Probe) for detecting fragments less than 500 bp. Hybridization and washing conditions for the fragment probes were 6ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.5% sodium dodecyl sulfate (SDS) at 65°C and three times for 45 min with 2ϫ SSC-0.1% SDS at 55°C, respectively. The fragment probe for E. coli katE was a gel-purified EcoRV-EcoRV restriction fragment (33) . The probe for E. coli katG was a PCR fragment that extended from the third nucleotide of the ATG start codon through the codon for the penultimate amino acid, L725 (32) . For oligonucleotide probes, the hybridization and washing conditions were 6ϫ SSC-0.5% SDS at 62°C and three times for 20 min with 6ϫ SSC at 55°C, respectively.
Cloning of C. crescentus katG from a genomic library. A BamHI digest of genomic DNA from C. crescentus CB15 was fractionated by sucrose gradient centrifugation (29) . Size fractions were screened by Southern blotting, and the fraction hybridizing with the E. coli katG probe was ligated into the BamHI site of pBR322. The desired DH5␣ transformant was identified by patching about 400 Amp r colonies, preparing plasmid DNA from progressively smaller pools, and hybridizing blots of BamHI digests with the E. coli katG probe. The plasmid containing the katG fragment is pECP100 ( Table 1) .
The katG was cloned from DNA of C. crescentus CB15. The lacZ fusion and katG null mutant (described below) were made from strain CB15N. Strain CB15N (NA1000) is a mutant of CB15 which lacks the holdfast structure and is therefore more easily synchronizable (9) . The katG genes of CB15 and CB15N are expected to be identical.
Construction of the chromosomal katG::lacZ translational fusion. Construction of the chromosomal katG::lacZ translational fusion is based on the inability of ColE1 plasmids to replicate and the ease with which homologous DNA can recombine in C. crescentus. Digestion of pECP100 with SspI (to cleave pBR322) and BamHI yielded the 5.7-kb BamHI fragment containing katG, which was subcloned into pJBZ281 (3), creating a translational fusion between KatG and LacZ. This construct (pECP101) was transformed by electroporation into C. crescentus LS800 (19) with selection for kanamycin and tetracycline. LS800 contains a chromosomal recA null mutation complemented by a plasmid-borne P. aeruginosa recA allele (Table 1) . To stabilize the chromosomal katG::lacZ fusion, the strain was made recA by loss of the plasmid (19) . The transformant was grown overnight in the absence of tetracycline and then screened to identify a Kan r Tet s recA strain containing the chromosomal fusion (SGC109). A C. crescentus recA integrant strain isolated from the ligation of katG in the opposite orientation to lacZ in pJBZ281 showed background levels of LacZ activity in the studies described below. Construction of the C. crescentus katG null mutant. The katG null mutant was made by allelic exchange by using the sucrose selection method (24) after transformation of C. crescentus with the wild-type allele interrupted by a Spc r /Sm r cassette. A 2.8-kbp BamHI-SalI subclone (pECP102) containing the 5Ј end of katG was cleaved at a unique BglII site within the coding region. After filling in with Klenow fragment, katG was interrupted by ligation with an ⍀ cassette containing a Spc r /Sm r element, surrounded on both sides by transcriptional terminators and translational stops in all three reading frames (23), producing pECP103. The BamHI-SalI fragment containing this null allele was subcloned into pNPTS138 (24) , which contains nptI (Km r ) and the Bacillus subtilis sacB gene, to yield pECP104. Wild-type strain CB15N was transformed by electroporation with pNPTS138 [katG::⍀(Spc r /Sm r )]. Transformants resistant to spectinomycin and streptomycin were grown overnight in PYE medium containing spectinomycin and streptomycin and then plated on PYE medium containing spectinomycin, streptomycin, and 3% sucrose. Sucrose-resistant colonies were scored for Kan s . Several sucrose-resistant, Kan s , and Spc r /Sm r strains were identified as putative allelic-exchange null mutants. Replacement of the wild-type allele by the null allele was confirmed by Southern blotting of the katG null strain SGC111. The BglII site into which the ⍀ fragment was inserted lies in a 190-bp EagI fragment. Southern blots of EagI-digested genomic DNA were hybridized separately with two oligonucleotides, which hybridized on opposite sides of the BglII site within the 190-bp fragment. As expected, the probes hybridized with the same EagI fragment in blots of wild-type C. crescentus. In blots of the allelic exchange mutant, SGC111 (katG::⍀), the band seen with the wild type was absent and single fragments of the expected increased size were seen with each oligonucleotide probe, as predicted from additional cleavage at a unique EagI site in the ⍀(Spc r /Sm r ) cassette. Enzyme assays. Cells were disrupted by sonication, and extracts were stored at Ϫ20°C until use (28) . Catalase was assayed at pH 7.2 by monitoring the decomposition of H 2 O 2 at 240 nm with an extinction coefficient of 39.4 M Ϫ1 cm Ϫ1 (1). Peroxidase was assayed at pH 6.4 by monitoring the oxidation of dianisidine at 460 nm with an extinction coefficient of 11.3 mM Ϫ1 cm Ϫ1 (5). One unit of activity was defined as 1 mol of H 2 O 2 decomposed per min. ␤-Galactosidase was assayed with o-nitrophenyl-␤-D-galactoside as the substrate, and activity was expressed in Miller units (18) .
Measurement of resistance to hydrogen peroxide. Overnight cultures of strains CB15N and SGC111 (0.1 ml) were diluted into 3 ml of PYE top agar and plated. After solidification, a Whatman 3MM disk (0.7 cm) with 10 l of 0.2 or 2 M H 2 O 2 was placed on the surface. Zones of inhibition were measured after overnight incubation.
Nucleotide sequence accession number. The nucleotide sequence we determined has been assigned GenBank accession no. AF027168.
RESULTS AND DISCUSSION
Cloning and sequence analysis of C. crescentus katG. We previously inferred from zymogram data that C. crescentus contains a single catalase-peroxidase and lacks monofunctional catalase and peroxidase (26) . The C. crescentus katG gene was cloned by hybridization with E. coli catalase-peroxidase (katG) as a 5.7-kb BamHI fragment in pBR322. Consistent with the zymogram data, E. coli katG hybridized with a single band on C. crescentus genomic Southern blots and E. coli katE encoding the monofunctional catalase hybridized with none.
DNA sequencing (data not shown) of the clone revealed an open reading frame with strong nucleotide and amino acid homologies to bacterial catalase-peroxidases (e.g., 66% nucleotide identity, 63% amino acid identity, and 75% amino acid similarity to E. coli katG). No significant homologies to monofunctional catalases were seen. Based on homologies, the clone contains the 5Ј end of a C. crescentus katG gene encoding about 500 N-terminal amino acids. Although no three-dimensional data are known for bacterial catalase-peroxidases, the presence of histidine imidazoles ascribed as "distal" and "proximal" with respect to the heme was inferred by homology to the three-dimensional structure of yeast cytochrome c peroxidase (34) . These histidine residues and sequences surrounding them are present in the C. crescentus clone and are highly homologous to those from other bacterial catalase-peroxidases (Fig.  1) . Sequences from the 3 kb 5Ј to the katG gene were not homologous to metL and metF, which are upstream of E. coli katG. It appears that the chromosomal organization around katG is different in the two species, as is the case for another C. crescentus stress response gene, alkB, in the response to alkylating agents (6) .
Induction of katG by external stresses. To evaluate functional homologies between C. crescentus and E. coli katG, two paradigmatic properties of the latter were considered: induction by low concentrations of H 2 O 2 and the resultant increased resistance to higher concentrations of H 2 O 2 (7, 31). (Fig. 2) . The subsequent decrease is largely attributable to increased cell number. These studies were performed with cells in the early exponential phase, where constitutive catalase activity is low and the ␤-galactosidase activity increases negligibly in the absence of exogenous H 2 O 2 . (iii) No increase in the doubling time was seen for the range from 5 to 100 M H 2 O 2 . No induction was observed during 60 to 90 min of the following treatments of cultures at an optical density at 600 nm (OD 600 ) of 0.3 to 0.8: temperature shift from 30°C (normal culture temperature) to 37, 42, or 50°C, 25 mM sodium chloride; 30 M t-butyl peroxide; 30 M paraquat; or the calcium chelator EGTA (1.2 to 6 mM) (data not shown).
In E. coli, induction by 30 M H 2 O 2 results in a fivefold increase in resistance to killing by higher millimolar concentrations of H 2 O 2 (7). However, with the C. crescentus katG:: lacZ fusion strain or wild-type strain CB15N, a 30-min induction with 60 M H 2 O 2 followed by 20 mM H 2 O 2 for 15 min gave the same survival (4 to 9%) as was obtained when induction was omitted. It is of interest that a similar situation holds for the response to alkylating agents, where C. crescentus, in contrast to E. coli, does not become resistant to lethal concentrations following exposure to low levels (6) .
Growth stage induction of katG. Aerobic respiration is the major source of reactive oxygen species in E. coli and a critical factor in the induction of E. coli catalase and peroxidase activity (10) . During exponential growth, the number of respiratory centers per cell increases and consequently H 2 O 2 production increases. In fact, E. coli KatG levels are proportional to the rate of H 2 O 2 production (10). Based on ␤-galactosidase fusion data, the level of E. coli KatG increases 10-fold during exponential growth (10) and E. coli KatE, the "stationaryphase" catalase, increases sixfold in the transition into stationary phase (25) . In stationary phase, E. coli katG and katE expression is reduced to about 50% of the maximum observed during exponential growth (10, 25) .
Induction of ␤-galactosidase activity during growth of the C. crescentus katG::lacZ fusion strain was radically different from that in E. coli (Fig. 3) . Little or no change occurred during exponential growth or during entrance into stationary phase. Significant induction occurred during stationary phase: 10-fold after 24 h and an additional 4-to 5-fold over the next 48 h. These data are in good agreement with our earlier peroxidase activity measurements in cell extracts, showing a 9-fold increase above that for the exponential phase after 24 h and another 10-fold increase over the next 40 h (26) .
While the dramatic increase in katG expression in the stationary phase is unexpected, constitutive expression during exponential growth is explicable. Since the C. crescentus fusion strain grows more slowly than E. coli (doubling times, 110 and 30 min, respectively), the rate of H 2 O 2 production may never reach the threshold for induction (10) . In addition, the constitutive level of KatG in C. crescentus, 0.14 U of catalase/mg of cell protein, equals the total catalase activity in the E. coli Enzyme assays on extracts of overnight cultures confirmed the absence of catalase and dianisidine peroxidase activity. The specific activities of the null mutant were 1% or less of those of wild-type extracts: 0.2 Ϯ 0.2 versus 13 Ϯ 1 U/mg of cell protein for catalase and Ͻ0.0002 versus 0.030 Ϯ 0.003 U/mg of cell protein for peroxidase. The value for peroxidase specific activity in stationary-phase cultures of the wild-type strain is in good agreement with that reported previously (26) . These data indicate that (i) KatG is solely responsible for these activities under the growth conditions used, (ii) no new catalase or dianisidine peroxidase activity is significantly induced when KatG is absent, and (iii) the cloned 5Ј open reading frame encodes the catalase-peroxidase observed in zymograms of C. crescentus (26) . Compensatory induction of other antioxidant functions, e.g., glutathione reductase, alkyl hydroperoxidase, or superoxide dismutase, is possible.
Characterization of a katG null mutant. The null mutation had little effect on the growth rate in the absence of added H 2 O 2 (doubling time, 82 Ϯ 1 and 79 Ϯ 2 min for the null mutant and the wild type, respectively). However, growth inhibition was evident with low levels of exogenous H 2 O 2 (Fig.  4) . These results suggest that the catalatic and/or peroxidatic activity of C. crescentus KatG is important in reducing [H 2 O 2 ] to a steady-state level compatible with sustained exponential growth. A similar role for E. coli KatG was inferred from correlation of the induction with the rate of H 2 O 2 production during exponential growth (10) .
Studies of stationary-phase survival revealed striking differences between C. crescentus and E. coli, consistent with the 10-to 50-fold induction of C. crescentus katG in stationary phase. Wild-type C. crescentus showed little decrease in plating efficiency over 3 days in liquid culture (Fig. 5) . In contrast, the katG null strain rapidly lost viability (more than 3 orders of magnitude after 24 h and more than 6 orders of magnitude after 48 h) (Fig. 5) . When the experiment was performed with bovine catalase in the plates (Fig. 5) , survival of the katG null mutant after 24 h increased by 3 orders of magnitude. This indicates that loss of viability is attributable largely to the absence of H 2 O 2 decomposition by the catalase-peroxidase. Complementation by exogenous catalase also argues that viability loss is attributable to the inactivation of katG per se and not to a polar effect. Failure of exogenous catalase to complement the katG null after longer periods most probably reflects the extensive loss of viability. Decreased resistance to H 2 O 2 was readily demonstrable with stationary-phase cultures of the katG null strain in a zone-of-inhibition test. For wild-type strain CB15N, the zones of inhibition were 1.8 Ϯ 0.1 and 3.1 Ϯ 0.1 cm for 0.2 and 2 M H 2 O 2 , respectively. For mutant strain SGC111, the zones were 3.3 Ϯ 0.1 and 5.1 Ϯ 0.2 cm for 0.2 and 2 M H 2 O 2 , respectively. The reduced stationary-phase survival of the null mutant clearly contributes to this decreased resistance to H 2 O 2 .
Decreases in the stationary-phase viability of E. coli katG or katE null mutants are modest compared to the decrease for the C. crescentus katG null mutant after 2 to 3 days (Ͼ6 orders of magnitude). After 48 h in minimal medium, the survival of E. coli katG and katE mutants is reduced by 10 and 40%, respectively (20) . A katE mutant showed no significant decrease in viability during a 2-week storage at room temperature (16) . We found that the viability of E. coli katG katE doublenull mutant decreased sixfold after 48 h in complex medium (data not shown). C. crescentus catalase-peroxidase clearly plays a critical role in stationary-phase survival, a role not shared by E. coli katG or katE. In Rhodobacter capsulatus, which contains a catalaseperoxidase and a peroxidase, a mutant lacking the catalaseperoxidase activity shows a decrease in stationary-phase survival similar to that of the C. crescentus katG null mutant (11) . However, the responsible gene was not cloned, and changes of expression during growth were not reported.
Implications and future directions. The induction of catalase or catalase-peroxidase activity during stationary phase is enigmatic, because aerobic respiration, believed to be the major source of reactive oxygen intermediates, is substantially reduced. In E. coli, H 2 O 2 levels during stationary phase are 70% and the rate of H 2 O 2 production is less than 30% of the maximal values during exponential growth (10) . Why, then, is the catalase activity sustained at such a high level in the stationary phase? The traditional answer for the E. coli monofunctional KatE catalase a member of the rpoS regulon, is anticipation of exit from the stationary phase; i.e., the catalase activity is elevated in preparation for a return to exponential growth and elevated levels of H 2 O 2 attendant on aerobic respiration (12) . This explanation is insufficient, because the inducible E. coli KatG catalase-peroxidase, not KatE, is involved in eliminating H 2 O 2 from aerobic respiration (10) .
Induction of catalases and peroxidases in stationary phase may be a response to H 2 O 2 generated from sources other than respiration. Amino acid and xanthine oxidase and other flavoprotein oxidases are known to produce H 2 O 2 . For C. crescentus, photosynthetic generation of oxygen could be a source of external H 2 O 2 . We previously showed that the periplasmic copper-zinc superoxide dismutase (CuZnSOD) of C. crescentus is induced about fourfold in stationary phase (26) . For the CuZnSOD of Legionella pneumophila, the causative organism of Legionnaires' disease, we reported a twofold induction in stationary phase and a decreased viability in stationary phase by 4 to 6 orders of magnitude for a CuZnSOD null mutant (30) . Our collective data on stationary-phase induction of catalase-peroxidase and CuZnSOD are consistent with reactive oxygen species being present in the stationary phase of C. crescentus and L. pneumophila. The peroxidatic activity of catalaseperoxidase is another possible resolution to the enigma of stationary-phase induction. If oxidation of reduced pyridine nucleotides via electron transport were attenuated in the stationary phase, peroxidase oxidation of NADH and/or NADPH (see, e.g., references 11 and 17) could be important in maintaining the metabolic ratios of reduced to oxidized forms of pyridine nucleotides. This peroxidatic activity could play a role in addition to or instead of decomposition of H 2 O 2 .
Further insights into the stationary-phase role of C. crescentus catalase-peroxidase will be obtained from measurements of H 2 O 2 production, enzyme activities that produce H 2 O 2 , pyridine nucleotide levels, and isolation of mutants that affect the starvation-induced expression of the katG::lacZ fusion and suppress the dramatic effect of the katG null mutant on stationary-phase survival.
